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Summary. The influence of nitrogen (N) and phosphorus (P) concentration of leaf litter on 
its decomposition rate was studied for nine Mediterranean shrub and tree species at different 
time intervals over a two-year period in a Mediterranean shrubland of Southwest Spain. Li- 
near regression between mass loss and the concentrations of lignin, N and P was used to de- 
termine the best predictor of leaf litter decomposition during each interval of decomposition. 
The ratio N to P concentration in leaf litter increased in all species over the period of study, 
indicating that N is preferentially immobilized as decomposition proceeds. The lignin-to-N 
ratio was the best predictor of mass loss among the initial chemical characteristics of leaf lit- 
ter. However. once decomposition started, the lignin-to-P ratio of decomposed material ex- 
plained mass loss during subsequent intervals better than did the lignin-to-N ratio. When a 
multiple linear regression was used with the N, P, and lignin concentration as independent 
variables. the percent of variation in mass loss explained by N concentration decreased over 
time, while the P and lignin content of leaf litter increased. Our results support the hypothesis 
of a shift from N-limitation to P-limitation of decomposition rate in the Mediterranean shrub- 
lands of SW Spain during the first two years of leaf litter decomposition. 
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Introduction 


An understanding of processes involved in the limitation of productivity is essential for the 
integrated planning and conservation of ecosystems. Shrubland ecosystems in Southwest 
Spain are often exposed to recurrent fires. which lead to heavy nutrient losses and, on a long- 
term basis, a decrease in productivity. Fire volatilizes nitrogen (N), and frequent fires can the- 
refore be expected to lead to N limitations (Vitousek & Howarth 1991). Nitrogen recovery in 
these ecosystems relies on atmospheric inputs, but high frequencies of fire clearly cause N 
losses in excess of any replacement by N deposition or fixation. Phosphorus (P) losses by fire 
are less intense than N losses in these ecosystems, and often P is released into readily avail- 
able forms after fire (Traboud 1994). Recovery of P relies on the weathering of the bedrock, 
but P is scarce in quartz parent rock, and quartz chemical reaction is slightly acid, which leads 
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to moderately low soil pH and forms of P which are not readily available for plants and soil 
microorganisms (Schlesinger 1997). Nitrogen and phosphorus are the two essential nutrients 
limiting productivity in these nutrient-poor ecosystems. 

In intervals between fires, nutrient availability for plant growth is determined by decom- 
position and mineralization of litter. Litter decomposition rates are frequently considered to 
be regulated by substrate quality. In many studies, litter N content, C:N ratio and lignin:N 
ratio, have been shown to be of critical importance in litter decay (e.g.. Melin 1930; Berg & 
Staaf 1980; Melillo et al. 1982: Taylor et al. 1989). In other studies, P concentration, C:P ratio 
or lignin:P ratio in litter were shown to influence the decay rate (Heal & French 1974; Schle- 
singer & Hasey 1981; Staaf & Berg 1982). In the shrubland ecosystems of SW Spain, leaf 
toughness-to-N and leaf toughness-to-P ratios were the best predictors of litter mass loss 
(Gallardo & Merino 1993). where leaf toughness was a function of the initial “Klason” lignin 
content in leaf litter. 

Both N and P appear to be important factors regulating leaf litter decomposition rate in 
Mediterranean shrublands (Gallardo et al. 1997). Differences in the biochemistry of N as op- 
posed to P may be important in order to explain the availability of these nutrients to decom- 
posers and the role of N and P in determining the litter mass loss. Detrital N is mostly carbon- 
bonded (C-N) and often in structural or complexed forms, while detrital P is mostly ester- 
bonded (C-O-P) and often soluble. Mycorrhizae, algae, bacteria, and fungi can all produce 
extracellular phosphatases that cleave the ester phosphate bond (McGill & Cole 1981; Hunt 
etal. 1983: Howarth 1988). In contrast, multiple enzyme systems are involved in the break- 
down of structural or phenolic N-containing organic compounds before any N can be released 
into available forms. Consequently, N may be relatively less available than P in initial leaf 
litter. N may be preferentially immobilized in leaf litter by microorganisms, and the N to P 
ratio may show an initial increase in detritus. As decomposition proceeds, P may become less 
available than N for decomposers and, at this stage, P content may be the main nutrient con- 
trolling the decomposition process. 

The objective of this work is to find evidence from correlations to support the hypothesis 
that increases in the N-to-P ratio leads to a shift from N-limitation to P-limitation of 
decomposition rate in a Mediterranean shrubland of SW Spain. 


Materials and Methods 
Area of Study 


Our study was conducted in Doñana National Park, Southwest Spain (37°7'N, 6°12'W). Garcia-Novo 
(1979) and Garcia-Novo & Merino (1993) have presented ecosystem descriptions of the southwestern 
coast. The area shows the typical winter-wet. summer-dry pattern of a Mediterranean-type climate. 
Mean annual rainfall of Doñana National Park is ca. 500 mm. with two maxima, one in the winter and 
another in early spring. Summer drought is severe, with no precipitation during July and August, and li- 
itle if any during June and September. Mean annual temperature is 16.7°C. Winter temperatures are 
mild with a daily mean of 9.3 °C during the coldest months (December and January), Summer tempera- 
tures are high. with a daily mean of 23.9°C for July (the warmest month). More details on the climatic 
conditions are given in Gallardo (1990). Matorral (scrub) is the predominant vegetation type. The litter 
bag studies described below were undertaken at a site ca. 20 m above sea level in an open shrubland do- 
minated mainly by Halimium halimifolium (L.) Will, Halimium commutatum Pau, Cistus libanotis L.. 
and Rosmarinus officinalis L. Biomass. productivity. and successional changes of this vegetation type 
are described by Merino & Martin Vicente (1981). 


Field methods 


Leaf litter decomposition of four shrub species, Halimium halimifolium, Cistus libanotis, Quercus lusi- 
tanica Willd. and Quercus coccifera L.. and five tree species. Quercus suber L., Quercus canariensis 
Willd.. Quercus pyrenaica Willd., Salix atrocinerea Brot. and Fraxinus angustifolia Vahl. was studied 
using the nylon mesh bag technique (Bocock & Gilbert 1957). Mesh size was | mm. small enough to 
prevent major losses of the smallest leaves. and large enough to allow free entry of small soil animals. 
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Freshly abscised leaves of the evergreen species Halimium halimifolium, Cistus libanotis, Quercus 
coccifera and Quercus suber were collected during June 1985, the peak period of litter-fall. Litter 
from the deciduous species Quercus canariensis, Quercus pyrenaica, Quercus lusitanica, Salix atro- 
cinera and Fraxinus angustifolia were collected from October to December 1985 from the soil sur- 
face. Contaminant debris were carefully picked from each collection, which was thoroughly mixed to 
provide a uniform leaf litter for each species. The leaf litter samples were air-dried before chemical ana- 
lysis. 

For each species, subsamples of approximately 2 g of air-dried leaf material were weighed to the 
nearest 0.01 g and placed in 10 x 15 litterbags. Seventy-eight litterbags from each species were distri- 
buted randomly on the soil surface in the above-mentioned site at Doñana National Park on 28 January 
1986. Between six and ten litterbags of each species were retrieved at bimonthly intervals until January 
1988. Litterbags were transported from the field in paper bags to minimize error through spillage 
(Suffling & Smith 1974). 


Analytical and laboratory methods 


Litter was dried at 80°C for 24 h, weighed. and ground to pass through a |-mm mesh screen. Initial leaf 
litter subsamples and subsamples from litterbags collected from the field at 2, 4, 8, 12, 16, 20 and 
24 months after placement were analyzed separately for N, P and lignin, These data were expressed in 
concentrations as a percentage of oven-dry biomass. Total N was determined on 0.2 g subsamples using 
standard Kjeldahl procedures. Phosphorus concentrations were determined in ash using the molybdo- 
vanadate reaction (Greweling 1976). The lignin fraction (Klason lignin) was analyzed by sequential 
analysis of fibre (Robertson & Van Soest 1981). About | g of sample was extracted with neutral deter- 
gent. followed by acid detergent and 72% sulphuric acid. Enough replicate samples were analyzed 
during each procedure of chemical analysis to obtain a coefficient of variation lower than 10%. 


Data analysis 


Linear regressions between mass loss of the nine litter types as dependent variable. and lignin, N, P, 
lignin-to-N ratio and lignin-to-P ratio as independent variables were performed for each mass loss 
interval longer than six months. Since the lignin-to-nutrient quotients were better predictors of mass loss 
than were the individual elements. only the results obtained with the lignin-to-N and lignin-to-P ratios 
were presented. Because lignin, N and P were often partially correlated, we used ANOVA of a stepwise 
multiple regression (F-to-enter = 4) to select the variables that best explained variation in mass loss at 
each time interval. 


Results 


Mass loss values for all time intervals can be found in Gallardo & Merino (1993). Leaf litter 
mass loss during the first year of decomposition varied between 11.9% for Q. suber leaves 
and 42.9% for F angustifolia leaves (Table 1). A narrower range was found in the second 
year of decomposition, when mass loss ranged between 9.8 % (C. libanotis) and 31.4 % (Q. 
canariensis). Lignin and N content for all intervals can be deduced from Gallardo & Merino 
(1992). Initial lignin content in leaves for the first year of decomposition varied from 8.9 % 
for C. libanotis to 20.1 % for Q. lusitanica. The percent of lignin fraction increased for all spe- 
cies. ranging at the beginning of the second year from 19.6 % (Q. canariensis) to 36.4% 
(S. atrocinerea). Initial N content in leaves ranged from 0.33 % (H. halimifolium) to 0.93 % 
(Q. pyrenaica and F angustifolia) in the first year and between 0.48 % (H. halimifolium) to 
1.25 % (F. angustifolia) in the second year. Initial P concentration in leaf litter in the first year 
of decomposition ranged from 300 (g g-1 for Q. lusitanica to 1380 ug g` for S. atrocinerea. 
Phosphorus concentration decreased by the second year, ranging from 297 (g g? (H. halimi- 
folium) to 549 (g g' for Q. pyrenaica (Fig. 1). 

In general, the N-to-P ratio in leaf litter increased over the course of the study. This in- 
crease was more pronounced during the first year of study than during the second year, when 
the N-to-P ratio showed a tendency to remain around a constant value (Fig. 1). 
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Fig. 1. Changes in P concentration 
and the N-to-P ratio in several types 
of litter at Doñana National Park 
during a 2-yr study. Species codes as 
follows: Hh = Halimium halimifo- 
lium, Cl = Cistus libanotis, Qs = 
Quercus suber, Qca = Quercus 
canariensis. Qpy = Quercus pyre- 
naica, Qlu = Quercus lusitanica, Sa 
= Salix atrocinerea, Fa = Fraxinus 
angustifolia, Qce = Quercus cocci- 
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Table 1. Mass loss and initial chemical composition (dry mass basis) of the leaves incubated in litter 
bags at Doñana National Park during the first and second year of leaf decomposition 


Leaf litter type 


H. halimifolium 
C. libunotis 

QO. suber 

Q. canariensis 
Q. pyrenaica 
Q. lusitanica 

S. atrocinerea 
F. angustifolia 
Q. coccifera 


First vear 


Mäss Lignin 
loss 

(%) (%) 
12.3 8.9 
16.8 8.8 
11.9 18.1 
23 15.6 
26.6 14.3 
12.7 20.1 
(7-7 18.1 
42.9 10.5 
18.4 18.8 


P 


(ug/g) 


328 
424 
385 
1013 
587 
300 
1380 
533 
445 


Second year 

Mass Lignin N P 
loss 

(%) (%) (%) (ug/g) 


20.3 26.1 0.48 297 

9.8 29.6 049 302 
21.7 21.5 0.84 435 
31.4 19.6 0.9 482 
26.1 20.7 1.12 549 
18.2 23.4 1.16 375 
16.3 36.4 0.85 523 
19.6 19.8 1.25 437 
20.2 22:1 1.18 400 
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xplained variation in mass losses (Fig.2A). When chemical 
d 8 months was used to explain variation in subsequent 


Fig. 2. R-squared resulting from the linear regres- 
sions between the lignin-to-N ratio or lignin-to-P 
ratio as independent variables and mass loss at dif- 
ferent time intervals. A: Using initial chemical 
composition of leaf litter. B: Using chemical com- 
position of leaf liter 2-months old. C: Using che- 
mical composition of leaf litter 4-months old. D: 
Using chemical composition of leaf litter 8-months 
old. E: Using chemical composition of leaf litter 
12-months old 


Explained variance (%) 


Oo Q-0-9-0-O 


40 4 


20 + 


40 | 


20 4 


6 8 10 12 14 16 18 20 22 24 


Sampling months 


Fig. 3. Proportion of mass loss variance explai- 
ned by lignin. N and P in a multiple regression 
model. A: Using initial chemical composition of 
leaf litter. B: Using chemical composition of 
leaf litter 2-months old. C: Using chemical 
composition of leaf litter 4-months old. D: 
Using chemical composition of leaf litter 8- 
months old. E: Using chemical composition of 
leaf litter |2-months old 
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mass losses. it was found that both lignin-to-N and lignin-to-P ratios explained the variance 
of the decomposition rate, indicating partial correlation among N and P content of litter 
(Fig. 2B. C and D). However, only the lignin-to-P ratio of |2-month-old leaf litter was able to 
explain variation in mass losses during the second year of decomposition (Fig. 2E). 

The N content of initial leaf litter explained most of the variation in mass loss (Fig. 3A). 
However, N content of litter harvested at 2 and 4 months only explained mass loss better than 
P or lignin in the shortest time intervals (Fig. 3B and C). The percentage of mass loss ex- 
plained by N declined sharply when chemical composition of 8 and 12 month-old litter was 
used (Fig. 3D and E). The P content of 2-months old litter explained a higher proportion of 
variation in mass loss than did N and lignin. As litter progressively decomposed, its lignin 
concentration explained the greatest percentage of the variation in mass loss, followed by the 
P content of the litter which had been left to decompose for 8-12 months (Fig. 3). 


Discussion 


The lignin-to-N ratio of the initial material and the lignin-to-P ratio of decomposed litter were 
the best predictors of mass losses during the first two years of leaf litter decay. These results 
are in agreement with the findings of other authors who found that the lignin to nutrient ratio 
to be the best predictor of litter decomposition rate in a wide range of ecosystems. However, 
in Doñana ecosystems, Gallardo & Merino (1993) found that leaf litter decomposition is pre- 
dicted best by the leaf toughness-to-nutrient ratio. Leaf toughness is dependent the Klason 
lignin content (i.e.. cutin and lignin fractions), but it is also explained by leaf physical cha- 
racteristics (e.g., spatial distribution of fibre in the cell wall, the linkage between fibre com- 
ponents, and the compaction of fibre). In this work, we could not use the leaf toughness 
parameter, since measurements of leaf toughness were not possible once the decomposition 
processes began. The consequence of changes in the composition of a litter during decom- 
position is that correlations between the rate of mass loss and simple expressions of the initial 
composition of the litter will have limitations, The correlations subsume a variety of inter- 
actions and the later the stage of decomposition the less important are the initial properties of 
ihe litter (Heal et al. 1997). 

The lignin and N content of leaf litter increased with time. This is likely to be a con- 
sequence of the formation of recalcitrant materials (i.e. new lignin-like substances) and of the 
high rate of N immobilization in litter as decomposition proceeds (Gallardo & Merino 1992). 
At the initial stages of decomposition, P concentration in litter decreased, and the N-to-P ra- 
tio increased. These increases indicate that N was relatively less available than P for micro- 
organisms at the initial stage of litter decomposition when mass losses were regulated by the 
lignin-to-N ratio. However, the N-to-P ratio values in soil microbial biomass (e.g., Singh et 
al, 1991; Diaz-Ravina et al. 1993) is lower than the initial N-to-P ratio in the leaf litter types 
used in this study. Accordingly, it is not easy to explain why N is preferentially immobilized 
in litter at initial stages of decomposition. We speculate that the way N and P are linked to the 
organic matter is more important for the availability of both nutrients to the saprophytic 
microorganisms than the absolute amount of N and P ratio in litter. Initial N content explained 
most of the variation in mass loss across species during two years of decomposition, but the 
N content of decomposed leaf litter was unable to explain subsequent mass losses. Initial N is 
likely to be responsible for determining the initial amount of microbial biomass in litter, 
which in turn determines the amount of new recalcitrant material (i.e. new like-lignin sub- 
stances) formed in litter, and the mineralization of P. As decomposition proceeded, N in- 
creased and P relatively declined in the litter. As this happened, mass losses became in- 
creasingly dependent on the lignin-to-P ratio. The control of the decomposition rate exerted 
by the N and P concentration in litter suggested that both nutrients are scarce in the Doñana 
soils, since the activity of enzymes involved in N and P acquisition may be closely tied to the 
environmental availability of these nutrients (Sinsabaugh et al. 1993; Sinsabaugh & 
Moorhead 1994). 
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Our results agree with the model developed by Berg and co-workers (Berg & Staaf 1980; 
Berg 1984. 1986: Berg & Agren 1984: McClaugherty & Berg 1987), which found that the 
first phase of decomposition (<30 % of initial mass loss) is regulated mainly by the nutrient 
content of litter, while the second phase of decomposition is regulated by the amount of 
carbohydrates and recalcitrant materials. In our case, although most species lost less than 
30 % of their mass during the first year. the variability explained by nutrient content declined 
from 83.7 % the first year to less than 40 @ in the second year. The increase in relative im- 
portance of lignin as a predictor of mass loss may indicate that C is increasingly luuwiting 
microbial biomass in litter. Further research is necessary to determine if C or P regulate the 
decomposition rate on a long-term basis in these ecosystems. 

Our findings suggested that P limitation prevailed over nitrogen after two years of litter de- 
composition. Consequently, it may be limiting primary production as well. Apparently, this 
result disagrees with the model proposed by Walker & Syers (1976) and tested by Vitousek 
and co-workers (e.g. Vitousek & Farrington, 1997) who proposed a coherent explanation for 
patterns of soil nutrient availability during long-term soil development. In that model, the 
weathering of a newly deposited primary substrates (e.g. the dunes of our study) increases the 
biological availability of P. Nitrogen would be absent in this primary substrate, and must be 
obtained from the atmosphere by either biological N fixation or atmospheric deposition. Our 
site may be an exception to the Walker and Syers model based on the reasoning of McGill and 
Cole (1981). These authors suggested that the greater importance of biochemical mineraliza- 
tion (by extracellular enzymes) of P in comparison to N affects N and P cycling during soil 
development. Phosphatase activity may be progressively inhibited in our leaf litter as the de- 
composition proceeds. 

These results support the hypothesis of a shift from a N-limited to P-limited decomposition 
rate in Mediterranean shrubland ecosystems during the first two years of the decomposition 
process. 


Acknowledgements 


We thank William H. Schlesinger and three anonymous reviewers for critical comments on the 
manuscript. The Spanish Ministry of Education and Science financed this work (projects PB 90-0894 
und PB 96-0349). 


References 


Berg. B. (1984) Decomposition of root liter and some factors regulating the process: long-term root 
litter decomposition in a Scots pine forest. Soil Biology & Biochemistry 16, 609-618. 

Berg. B. (1986) Nutrient release from litter and humus in coniferous forest soils-a mini review. Scandi- 
navian Journal of Forest Research 1. 359-369. 

Berg. B.. Agren, G. I. (1984) Decomposition of needle litter and its organic chemical components: 
theory and field experiments, Long-term decomposition in a Scots pine forest. I. Canadian Journal 
of Botany 62. 2880-2890. 

Berg. B., Staff. H. (1980) Decomposition rate and chemical changes in decomposing needle litter of 
Scots pine. H Influence of chemical composition. In: Persson T. (ed) Structure and function of 
northern coniferous forests. Ecological Bulletin 32, 373-390, 

Bocock, K. L.. Gilbert. O. (1957) The disappearance of leaf litter under different woodland conditions. 
Plant and Soil 9. 179-185. 

Diaz-Raviña. M.. Acea. M. J.. Carballas. T. (1993) Microbial biomass and its contribution to nutrient 
concentratios in forest soils. Soil Biology & Biochemistry 25. 25-31. 

Gallardo. A. (1990) Descomposición de las hojas de especies leñosas en dos ecosistemas del SW pen- 
insular. PhD. Dissertation. University of Seville. Seville. Spain. 

Gallardo, A.. Merino. J. (1992) Nitrogen immobilization in leaf liter at two Mediterranean ecosystems 
of SW Spain. Biogeochemistry 15, 213-228. 

Gallardo. A.. Merino. J. (1993) Leaf decomposition in two Mediterranean ecosystems of Southwest 
Spain: influence of substrate quality. Ecology 74. 152-161. 

Gallardo, A.. Muñoz. F.. Merino J. (1997) Phosphorus and nitrogen concentrations as rate regulating 


Pedobiologia 43 (1999)1 71 


factors in litter decomposition of Doñana dune ecosystem. In: Gareia-Novo, F., Crawford, M. M., 
Diaz Barradas. M. C. (eds) The Ecology and Conservation of European Dunes. Sevilla University 
Press. Sevilla. pp. 143-146. 

García Novo. F. (1979) The Ecology of vegetation of the dunes in Doñana National Park (South-West 
Spain). In: Jefferies R. L. and Davy A. J. (eds) Ecological Processes in Coastal Environments. Black- 
well Scientific. Oxford. pp. 571-592. 

Garcia-Novo. F. Merino. J. (1993) Dry coastal ecosystems of south-western Spain. In: van der Maarel 
E. (ed) Dry Coastal Ecosystems. Polar regions and Europe. Ecosystems of the world 2A. Elsevier. 
Amsterdam. pp. 349-361. 

Greweling. T. (1976) Chemical analysis of plant tissue. Search 6, 1-35. 

Heal. O. W.. French, D. D. (1974) Decomposition of organic matter in tundra. In: Holding, A. J., Heal, 
W. O.. MacLean. S. F. Jr., Flanagan. P. W. (eds) Soil « organisms and decomposition in tundra. Inter- 
national Biological Programme. Tundra Biome Steering Committee. Stockholm, pp. 279-310. 

Heal. O. W., Anderson, J. M., Swift, M. J. (1997) Plant litter quality and decomposition: An historical 
overview. In: Cadish. G., Giller, K. E. (eds) Driven by Nature. Plant litter quality and decomposition. 
CAB Internatinal. Cambridge. pp. 3—24. 

Howarth. R. W. (1988) Nutrient limitation of net primary production in marine ecosystems. Annual 
Review of Ecology and Systematics 19, 89-110. 

Hunt. H. W.. Stewart. J. W. B.. Cole, C. V. (1983) A conceptual model for interactions of carbon, nitro- 
gen. phosphorus, and sulphur in grasslands. In: Bolin, B., Cook, R. B. (eds) Thé Major Biogeoche- 
mical Cycles and Their Interactions. John Wiley and Sons, New York. 

McClaugherty. C. A.. Berg. B. (1987) Cellulose. lignin and nitrogen concentrations as rate regulating 
factors in late stages of forest litter decomposition. Pedobiologia 30, 101-112. 

McGill. W. B.. Cole. C. V. (1981) Comparative aspects of cycling s of organic C, N, S, and P through soil 
organic matter. Geoderma 26. 267-286. 

Melillo, J. M.. Aber, J. D.. Muratore. J. F. (1982) Nitrogen and lignin control of hardwood leaf litter de- 
composition dynamics. Ecology 63. 621-626. 

Melin. E. (1930) Biological composition of some types of litter from North American forests. Ecology 
11. 72-101. 

Merino. J.. Martín-Vicente. A. (1981) Biomass. productivity and succession in the scrub of the Doñana 
Biological Reserve in Southwest Spain. In: Margaris, N. S.. Mooney, H. A. (eds) Components of pro- 
ductivity of Mediterranean climate regions. Dr. W. Junk. The Hague. The Netherlands. 

Robertson, J. B. Van Soest. P. J. (1981) The detergent systems of analysis and its application to human 
food. In: James. W. P. T.. Theander. O. (eds.) The analy sis of dietary fiber in food. Marcel de Keer. 
New York. pp. 123-158. 

Schlesinger. W. H.. Hasey. M. M. (1981) Decomposition of chaparral shrub foliage: losses of organic 
and inorganic constituents from deciduous and evergreen leaves. Ecology 62, 762-774. 

Schlesinger. W. H. (1997) Biogeochemistry. An analysis of global change. 2nd Edition. Academic Press. 
Orlando, Florida. 

Singh. R. S.. Srivastava. S. C., Raghubanshi, A. S.. Singh, J. S.. Singh. S. P. (1991) Microbial C, N and 
P in dry tropical savanna: effects of burning and grazing. Journal of Applied Ecology 28, 869-878. 

Sinsabaugh. R. L.. Antibus. R. K.. Linkins. A. E.. McClaugherty. C. A.. Rayburn, L., Repert, D., Wei- 
land. T. (1993) Wood decomposition: nitrogen and phosphorus dynamics in relation to extracellular 
enzyme activity. Ecology 74. 1586-1593. 

Sinsabaugh. R. H.. Moorhead. D. L- (1994) Resource allocation to extracellular enzyme production: a 
model for nitrogen and phosphorus control of litter decomposition. Soil Biology and Biochemistry 
26. 1305-1311. 

Staaf. H.. Berg. B. (1982) Accumulation and release of plant nutrients in decomposing Scots pine needle 
liter. Long-term decomposition in a Scots pine forest. I. Canadian Journal of Botany 60, 
1561-1568. 

Suffling. R.. Smith, D. W. (1974) Litter decomposition studies using mesh bags: spillage inaccuracies 
and the effects of repeated artificial drying. Canadian Journal of Botany 52, 2157-2163. 

Traboud. L. (1994) The effect of fire on nutrient losses and cycling in a Quercus coccifera garrigue 
(Southern France). Oecologia 99, 379-386. 

Taylor. B. R.. Parkinson. D.. Parsons. W. F. J. (1989) Nitrogen and lignin content as predictors of litter 
decay rates: a microcosm test. Ecology 70. 97-104. 

Vitousek. P. M.. Howarth. R. W. (1991) Nitrogen limitation on land and in the sea: How can it occur? 
Biogeochemistry 13. 87-115. 

Vitousek. P. M.. Farrington H. (1997) Nutrient limitation and soil development: experimental test of a 
biogeochemical theory. Biogeochemistry 37. 63-75. 


72 Pedobiologia 43 (1999) | 


